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Nonequilibrium electrons generated by coherent optical excitation of GaAs are studied in a wide range of
carrier density. The electron distribution is monitored via spectrally resolved band-to-acceptor luminescence
after continuous-wave, picosecond, or femtosecond laser excitation. Our data demonstrate that the coherent
coupling between the laser radiation and the interband polarization and its dephasing strongly influence the
initial carrier distribution. The energetic width of carrier generation is broadened due to rapid phase-breaking
scattering events during carrier generation. Theoretical results from a Monte Carlo solution of the semicon-
ductor Bloch equations including on the same kinetic level coherent and incoherent phenomena show that the
broadening of the electron distribution is introduced mainly in the generation process whereas the recombina-
tion of electrons with bound holes makes a minor contribution. The theoretical results are in quantitative
agreement with the experimental data.
I. INTRODUCTION
The nonequilibrium dynamics of electrons and holes are
governed by the coupled elementary excitations of the carrier
system and of the lattice and occur frequently on subpicosec-
ond time scales. Optical spectroscopy with ultrashort laser
pulses provides direct information on such phenomena and
has allowed the distinguishing between the coherent and in-
coherent dynamics of carriers.1 At early times during excita-
tion, the laser pulse creates a polarization of the semiconduc-
tor that couples coherently to the electric field of the pulse.
This coherence is destroyed by phase relaxation originating,
e.g., from collisions among the carriers, among excitons, or
from phonon scattering. The physics of coherent interband
polarizations has been studied in both bulk and low-
dimensional semiconductors by means of nonlinear optical
techniques like temporally and spectrally resolved four-wave
mixing, giving insight into the nature of transient polariza-
tions and into many-body effects of the carriers.2
Much less is known on the specific shape of the nonequi-
librium carrier distribution created by optical excitation, in
particular with femtosecond pulses. In the simplest approxi-
mation, the initial carrier distribution is determined by the
band structure of the semiconductor, i.e., the dispersion of
the optically coupled states in k space, and by the spectral
envelope of the laser pulses. This picture, which considers
carrier generation a fully incoherent process, is the basis of
many theoretical calculations relying on the Boltzmann
equation for the description of ultrafast carrier dynamics.
Until now, most simulations using ensemble Monte Carlo
~EMC! techniques followed this approach. On the other
hand, femtosecond coherent experiments demonstrate that
coherent interband polarizations and their dephasing occur
on a sub-100-fs time scale, i.e., transiently during carrier
generation, and thus cannot be neglected for a correct de-
scription of the photogeneration process.3–5 Theoretical cal-
culations based on the semiconductor Bloch equations pre-
dict a substantial broadening of the carrier generation rate
compared to the pulse spectrum by dephasing during the
excitation pulse.6–8
The experimental investigation of this problem requires a
technique that gives insight into carrier distributions occur-
ring on a femtosecond time scale. Band-to-acceptor ~BA!
luminescence in p-type III–V semiconductors represents
such a probe, allowing the direct measurement of transient
electron distributions.9–19 The emission is due to recombina-
tion of electrons created by continuous wave, picosecond, or
femtosecond excitation with holes bound to acceptor atoms.
The substantial width of the acceptor wave function in k
space and the time-independent hole distribution allow a se-
lective observation of the electron dynamics, even at ener-
gies high above the band gap and for excitation densities as
low as 1013 cm23.
Very recently, we provided direct experimental evidence
that the coherent coupling of femtosecond laser pulses with
the interband polarization of a semiconductor has strong in-
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fluence on the shape of the initial nonequilibrium electron
distributions.19 The transient electron distributions were
monitored via BA luminescence and both the width of the
luminescence peaks and their dependence on carrier density
point to a strong broadening of the distribution by dephasing
processes during the excitation pulse. In this paper, we
present more detailed studies on nonequilibrium electrons in
GaAs under different excitation conditions, namely
continuous-wave, picosecond, or femtosecond generation in
a wide range of carrier densities. In each case, broadening of
the initial distribution due to dephasing processes and inelas-
tic carrier–carrier scattering occurs at different densities,
pointing to the different strength of the screened Coulomb
interaction in the carrier system. The carrier distributions
generated with femtosecond excitation show the fastest
spreading in energy. The experimental results are analyzed in
detail by theoretical calculations based on a Monte Carlo
solution of the semiconductor Bloch equations. The calcula-
tion shows that the broadening of the distribution function
due to dephasing processes stems mainly from the carrier
generation process whereas dephasing during BA recombina-
tion makes a minor contribution. Furthermore, the intensity
ratio of BA luminescence versus band-to-band ~BB! lumines-
cence is calculated and compared to the experimental results.
The paper is organized as follows. After a short descrip-
tion of the experimental techniques in Sec. II, the results of
the different experiments are presented in Sec. III. In Sec. IV,
we discuss the theoretical approach allowing a solution of
the semiconductor Bloch equations with Monte Carlo tech-
niques and present simulations of our experiments. The nu-
merical results are compared to those from a semiclassical
treatment in terms of the Boltzmann equation. The relative
intensities of BA and BB luminescence and the different con-
tributions to the linewidth in the BA emission spectra are
considered in some detail. The discussion in Sec. V is de-
voted to a comparison of experiment and theory. A brief
summary is given in Sec. VI.
II. EXPERIMENTAL TECHNIQUES
In the experiments, a 3-mm-thick p-type GaAs layer
grown by molecular beam epitaxy is studied at a lattice tem-
perature of TL510 K. The sample is doped with Be accep-
tors of a binding energy of 28 meV ~Ref. 20! and ~compared
to previous experiments on band-to-acceptor luminescence!
a relatively low concentration of 331016 cm23.21
The sample was excited with a home-built Ti:sapphire
laser which was operated either in continuous-wave ~cw! or
self-mode-locked mode at a photon energy of 1.73 eV. The
spectral width of the cw output was less than 1 meV. In
mode-locked operation, 20 ps pulses of a bandwidth of about
4 meV or bandwidth-limited 150-fs pulses ~spectral width 10
meV! were generated, depending on the alignment of the
four-prism sequence in the laser cavity.
The luminescence from the GaAs sample was collected
with a high-aperture lens system and focused onto the en-
trance slit of a double monochromator ~spectral resolution 1
meV!. The spectrally selected intensity was detected with a
single-photon counting multiplier with a dark count rate of
about 1 s21.
The excitation densities given below are estimated from
the spot size of the laser beam on the sample, the penetration
depth, and the number of photons absorbed per pulse. In the
different measurements, the sample was oriented under the
Brewster angle in the incoming laser beam in order to mini-
mize the reflected intensity and thus the uncertainty in esti-
mating the absorbed photon flux.
III. EXPERIMENTAL RESULTS
In our experiments, the excitation energy was 1.73 eV. At
this spectral position, transitions from the heavy hole to the
conduction band dominate the absorption, whereas transi-
tions from the light hole to the conduction band make a
contribution of less than 30%. As a result, the excitation
creates predominantly electrons and heavy holes with respec-
tive excess energies of Ee5185 meV and Ehh525 meV. In
Fig. 1, we present overall luminescence spectra recorded af-
ter femtosecond excitation of 1014 and 231016 electron-hole
pairs per cm3, respectively. The emission intensity is plotted
on a logarithmic scale as a function of photon energy. We
find intense emission at photon energies between 1.44 and
about 1.52 eV which is related to different recombination
channels of thermalized electrons that populate states in the
G minimum of the conduction band. Peak I is due to the
recombination of those electrons with free holes created by
the excitation pulse whereas peak II located below the band
gap is related to recombination with holes bound to the ac-
ceptors. Peaks III and IV at even lower photon energy origi-
nate from the corresponding processes in which a photon and
an optical phonon are emitted simultaneously upon recombi-
nation.
For our study of ultrafast carrier dynamics, we concen-
trate on the very weak high-energy tail of emission which is
dominated by the recombination of nonequilibrium electrons
FIG. 1. Total emission spectrum of the p-GaAs sample mea-
sured with femtosecond excitation of N51014 and 231016
electron–hole pairs per cm3. At low photon energies, we observe
luminescence peaks due to recombination of thermalized electrons
with free holes ~I! and with bound holes ~II!. The peaks at lower
energies originate from recombination processes of electrons with
free holes ~III! and bound holes ~IV! involving simultaneous emis-
sion of a photon and an optical phonon. The emission at high pho-
ton energies is caused by band-to-acceptor recombination of non-
equilibrium electrons ~peak structure! and by a very weak
background due to band-to-band recombination. The dashed line
represents the square of the energy-dependent matrix element pcA
of the band-to-acceptor transition.
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with bound holes. Recombination of electrons and photoge-
nerated holes, i.e., the band-to-band transition, makes a much
smaller contribution as will be discussed below. Owing to the
acceptor binding energy and the dispersion of the valence
band, the BA emission is red-shifted with respect to the ex-
citation at 1.73 eV and exhibits—for low densities—a series
of well-pronounced luminescence lines, separated from each
other by roughly the energy of a LO phonon. Electrons di-
rectly excited by the laser pulse give rise to the peak at the
highest photon energy of 1.68 eV, whereas the lines at lower
energy, the so-called phonon replicas, are due to carriers that
have emitted one, two, or three LO phonons. The relative
peak intensities of the individual luminescence lines follow
quite well the square of the energy-dependent matrix element
pcA of the band-to-acceptor transition ~dashed line!. In par-
ticular, the intensity of the lower peaks increases mainly be-
cause of the rising matrix element.22 At a carrier concentra-
tion of 231016 cm23, the different peaks are strongly
broadened, resulting in a nearly structureless high-energy tail
of emission.
In Fig. 2, we present emission spectra for two different
carrier densities created by ~a! continuous-wave excitation or
by ~b,b8! 20 ps, and ~c,c8! 150 fs pulses. The spectral width
DE of the different lines in each spectrum is identical within
the experimental accuracy. The absolute value of DE is simi-
lar for continuous-wave and picosecond excitation, whereas
a substantially higher linewidth is found for femtosecond
excitation. The linewidth increases with density as is obvious
from the data of the right column of Fig. 2. It is important to
note that the line structure of the spectra disappears at lower
carrier density for femtosecond excitation than for picosec-
ond generation. This behavior is related to carrier–carrier
scattering in the distinctly different photogenerated electron
distributions15,23 and will be discussed below. The change of
the spectra with carrier density is shown in more detail in
Fig. 3 for femtosecond generation. We present data for five
different excitation densities.
For femtosecond excitation, the spectral profile of the first
peak was studied in detail. Spectra were recorded up to a
photon energy of 1.695 eV. At higher energies, the suppres-
sion of stray light from the excitation pulse was not sufficient
to isolate the very weak luminescence. In Fig. 4, the first
emission peak is plotted for three carrier concentrations on
an extended energy scale and compared to the ~redshifted!
spectral profile of the laser pulses ~solid line!. In all cases,
the spectral width of the BA peaks is considerably higher
than the pulse width of about 10 meV.
In Fig. 5~a!, the linewidth of the first peak is plotted as a
function of density for picosecond ~circles! and femtosecond
excitation ~squares!. Both sets of data show a strong increase
of linewidth on different density scales. In Fig. 5~b!, the
spectral width of the first three luminescence peaks which
are separated in time by a single LO phonon emission time
tLO5160 fs, is plotted for an excitation density of 431015
cm23. The first ~‘‘unrelaxed’’! peak exhibits almost the same
FIG. 2. Spectra of band-to-acceptor luminescence from p-type
GaAs at a temperature of TL510 K for different excitation condi-
tions. The spectra were measured with ~a! continuous wave, ~b! 20
ps, and ~c! 150-fs excitation of Nex51014 electrons per cm3 ~photon
energy 1.73 eV!. Parts ~b8! and ~c8! give results for Nex5231016
cm23.
FIG. 3. ~a!–~e! Hot electron luminescence spectra of GaAs ~lat-
tice temperature TL510 K! measured for different carrier densities
N that are generated by femtosecond excitation. The intensity of
band-to-acceptor emission is plotted versus photon energy. The
spectra show a first peak ~unrel.! that originates from conduction
band states optically coupled by the excitation pulse ~photon energy
1.73 eV, pulse duration 150 fs!, and a series of phonon replicas.
Within the experimental accuracy, the lines exhibit an identical
spectral width and broaden with increasing carrier concentration.
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spectral width as the phonon replicas occurring at later times.
The same behavior is found in the picosecond measurements
@Fig. 5~c!, carrier density 431016 cm23#.
IV. THEORETICAL CALCULATIONS
A. Carrier generation process
On the semiclassical level the generation and scattering
dynamics of photoexcited carriers is described by the Boltz-
mann equation ~BE! for the distribution functions of elec-
trons ( f ke) according to
d
dt f k
e5gk~ t !2(
k8
@Wk8k
e f ke~12 f k8
e
!2Wkk8
e f k8
e
~12 f ke !# ,
~1!
where the generation rate gk(t) and the scattering rates
Wk8k
e
, describing a scattering process from state k to k8, are
calculated from Fermi’s golden rule. The generation rate is,
except for the energy dispersion of the optically coupled
states and for transient phase space filling effects, fully de-
termined by the temporal and spectral characteristics of the
laser pulse. The dynamics of the distribution function of
holes ( f kh) is described by an analogous Boltzmann equation
with the same generation rate and scattering rates Wk8k
h
. On
this level all effects related to the coherence of the laser
pulse are neglected. The coherent dynamics in semiconduc-
tors, on the other hand, is described by the semiconductor
Bloch equations ~SBE! which involve, besides the distribu-
tion functions, also the interband polarization pk . Treating
scattering processes in the semiclassical limit, the polariza-
tion dynamics is given by
d
dt pk5
1
i\ @~ek
e1ek
h!pk1MkE0~ t !e2ivt~12 f ke2 f2kh !#
2(
k8
@Wk8k
p pk2Wkk8
p pk8# . ~2!
Here, Mk is the dipole matrix element, E0(t) is the temporal
shape of the electric field strength of the laser pulse with
frequency v, ek
e ,h denote the single-particle energies of elec-
trons and holes, and c.c. denotes complex conjugate.24 The
scattering part in Eq. ~2! has the same structure as in Eq. ~1!.
The corresponding matrices are related to the scattering rates
of electrons and holes according to
Wk8k
p
5
1
2 (n5e ,h @Wk8k
n
~12 f k8
n
!1Wk8k
n f k8
n
# , ~3!
reflecting the fact that scattering processes of both electrons
and holes lead to a dephasing of the polarization. The dy-
namics of the distribution functions is again described by Eq.
~1!, the generation rate, however, being calculated according
to
gk5
1
i\ @MkE0~ t !e
2ivtpk*2c.c.# . ~4!
The generation rate @Eq. ~4!# involves the interband polariza-
tion which is influenced by the density-dependent scattering
processes entering Eq. ~2! and therefore, in contrast to the
semiclassical case, the generation rate becomes density de-
pendent.
FIG. 4. Spectral profile of the first luminescence peak for carrier
densities of N5831013 cm23 ~dotted line!, 531014 cm23 ~dash-
dotted line!, and 431015 cm23 ~dashed line!. For comparison, the
spectral envelope of the femtosecond excitation pulses is shown
~shifted to lower photon energy by 50 meV, solid line!.
FIG. 5. Spectral full width at half-maximum ~FWHM! of the
first luminescence peak ~unrel.! as a function of carrier density for
picosecond ~circles! and femtosecond excitation ~squares!. The
femtosecond data are compared to theoretical values calculated
from a simulation including the coherent coupling of femtosecond
pulses and polarization in the sample ~solid line! and from a semi-
classical model of the incoherent carrier dynamics ~dashed line!. ~b!
Spectral width of the first, second ~21LO!, and third ~22LO! lu-
minescence peak for femtosecond excitation ~carrier density
431015 cm23!. The solid line was calculated from the simulation
based on the semiconductor Bloch equations, the dashed line rep-
resents the semiclassical result. The time scale was calculated with
an LO phonon emission time of 160 fs. ~c! Spectral width of the
luminescence peaks measured with picosecond excitation ~carrier
concentration 431016 cm23!.
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The second term in the sum of Eq. ~2! which has the
structure of an in-scattering term, is often neglected on the
basis of a random phase argument because it involves a sum-
mation over the complex polarization components at differ-
ent wave vectors. Then, the scattering part for pk reduces to
the common structure [}2pk/T2(k!# with a k-dependent
dephasing time T2 . However, it turns out that a correct mod-
eling of the dephasing including the in-scattering term is
crucial to obtain a physically reasonable density dependence
of the dynamics.25 In particular at low densities, where
mainly small-angle processes occur in carrier-carrier scatter-
ing, there is a strong cancellation between in- and out-
scattering terms and the total scattering rate T2 leads to a
strong overestimation of the dephasing which results, e.g., in
very broad and clearly unphysical generation rates.
To compare the different models of carrier dynamics in
photoexcited semiconductors the BE and the SBE were
solved numerically for the experimental conditions of bulk
GaAs excited by a 150-fs laser pulse at 1.73 eV. The band
structure considered in the calculations consists of a para-
bolic heavy hole valence band ~effective mass mhh50.45m0 ,
m0 free electron mass! and the conduction band
(me50.063m0).8,25 Other material parameters used for the
solution of the BE and SBE have been summarized in Table
I of Ref. 7. The BE was solved by a standard ensemble
Monte Carlo ~EMC! simulation including both carrier–
carrier and carrier–phonon scattering. The treatment of Cou-
lomb interaction in the carrier system uses static screening
with a time-dependent screening length that is up-dated ac-
cording to the changes in the carrier distribution. The solu-
tion of the SBE is based on a combined technique including
a generalized Monte Carlo simulation for the incoherent part
of both distribution functions and polarization and a direct
integration of the coherent part of the equations.
In Fig. 6, the generation rate at different times as obtained
from the SBE is plotted as a function of wave vector. Figure
6~a! shows the result obtained if no scattering processes are
taken into account (Wk8k
p
50). The time dependence can be
understood as follows:7 Energy-time uncertainty leads to an
initially very broad generation rate; with increasing time the
line narrows and, in the tails, exhibits negative parts due to a
stimulated recombination of carriers initially generated off-
resonance. After the pulse, the distribution function of the
generated carriers is in good agreement with the BE result
using a Gaussian spectral profile of the generation rate the
shape of which is time independent. For the rates shown in
Figs. 6~b!–6~d! carrier–carrier and carrier–phonon scatter-
ing processes as described by the matrices Wk8k
e ,h ,p have been
taken into account. In contrast to the semiclassical generation
rate, a strong density dependence is observed. At the lowest
density the behavior is essentially the same as in the case
without scattering. With increasing density carrier–carrier
scattering processes become more efficient. Scattering pro-
cesses destroy the coherence between electrons and holes
which is necessary for the stimulated recombination pro-
cesses. As a consequence the negative tails are strongly re-
duced with increasing density and the generation remains
broad for all times resulting in a much broader carrier distri-
bution than in the BE case.
The main feature of the SBE approach is a broadening of
the generation process. Thus, the question arises as to
whether this broadening could be simply included in an in-
coherent BE approach which would considerably reduce the
computer time for the simulations. However, there is no
simple way of directly obtaining this broadening from the
distribution functions. The total scattering rate leads to a
strong overestimation of the spectral width and—
furthermore—the lineshape derived from the SBE is non-
Lorentzian. This originates from the cancellation between in-
and out-scattering contributions in the polarization equation.
The only way to obtain an approximate result in the BE
approach is to perform a matrix inversion at each time step
which, however, is not much simpler than solving the SBE.
B. Luminescence line shape
The luminescence which serves for monitoring the carrier
dynamics is based on the same light–matter interaction
mechanism as the carrier generation process. Therefore, ra-
diative recombination processes should be influenced by
scattering processes in the same way as the photogeneration
process discussed above, resulting in an additional density-
dependent broadening of the spectrum. However, there is a
big quantitative difference between BB and BA lumines-
cence as will be discussed in the following. Our theoretical
treatment shows that the broadening of the BA luminescence
is negligible compared to the broadening associated with car-
rier generation.
In contrast to the coherent generation by a laser pulse
where the light field is treated classically, the luminescence is
due to spontaneous emission, requiring a quantum mechani-
cal treatment of the photon field.7,26 A complete theory of the
broadening of BB and BA luminescence spectra will be pub-
lished elsewhere.27 Here we will concentrate on the main
aspects and the physical origin of the differences between
both types of spectra.
The broadening of a luminescence transition is deter-
mined by the scattering part of the respective polarization.
FIG. 6. Generation rate of electrons as a function of wave vector
at different times as calculated from the semiconductor Bloch equa-
tions ~a! without any dephasing processes and ~b!–~d! including
dephasing due to carrier–carrier and carrier–phonon scattering for
densities of ~b! 1014 cm23, ~c! 431015 cm23, and ~d! 231016 cm23.
Time zero represents the maximum of the 150-fs excitation pulse.
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For band-to-band transitions it is given by the scattering ma-
trices in Eq. ~2!. Thus, as expected, the broadening of the BB
luminescence transition is the same as the broadening of the
generation process. This situation changes, however, when
looking at band-to-acceptor transitions which are described
by an electron–acceptor polarization pk
a
. The quantum me-
chanical calculation where the Coulomb interaction between
electrons in the conduction band and in acceptor states has to
be taken into account, leads to a scattering part for the
electron–acceptor polarization according to
d
dt pk
aU
scat
52(
k8
@Wk8k
a pk
a2b uk2k8uWkk8
a pk8
a
# , ~5!
where bq5[11(qaB/2)2]22 is the Fourier transform of the
charge density in the acceptor state, aB is the acceptor Bohr
radius, and the scattering matrix is given by
Wk8k
a
5 12 @Wk8k
e
~12 f k8
e
!1Wk8k
e f k8
e
# . ~6!
The dephasing dynamics of pk
a is characterized by two main
differences with respect to pk . First, due to the factor bq
there is no more complete symmetry between in- and out-
scattering terms. However, for q values smaller than the in-
verse Bohr radius, which are the dominant scattering terms at
low densities, this symmetry is fulfilled approximately and
the general features related to the in-scattering terms which
have been found for the interband case still hold. Second,
and more important, the scattering matrix is determined only
by scattering processes of electrons which is due to the fact
that free holes are not involved in such transitions.
Because of the complexity of the problem a full time-
dependent quantum-kinetic calculation of the luminescence
spectrum has not yet been performed. However, we can ana-
lyze the importance of the broadening by looking at the spec-
trum produced by fixed carrier distributions generated by a
150-fs pulse and ignoring any relaxation of the carrier distri-
butions after the pulse. We have calculated the line shape of
BB and BA luminescence spectra by a numerical matrix
inversion7 involving the scattering matrices Wk8k
p
and Wk8k
a
due to carrier–carrier interaction for distribution functions
obtained from a BE and a SBE generation rate.
In Fig. 7, BB and BA luminescence spectra are shown for
different models at densities of 1014 @Fig. 7~a!, ~a8!# and
231016 cm23 @Fig. 7~b!, ~b8!#. In a semiclassical treatment,
generation and recombination do not lead to any additional
broadening and the width of the spectra is determined by the
energetic width of the electron distribution, i.e., by the laser
spectrum ~dash-dotted lines!. In contrast, the SBE approach
fully accounts for dephasing processes during the generation,
giving rise to an additional density-dependent broadening as
discussed above. The dashed lines show the corresponding
spectra if no additional broadening of the luminescence tran-
sition is taken into account. Considering exclusively the
broadening upon recombination, i.e., the intrinsic emission
linewidth, we get the dotted lines in Fig. 7. For BB lumines-
cence we find a somewhat larger broadening of the lumines-
cence than of the generation since the efficiency of carrier–
carrier scattering processes during generation increases with
density and the dephasing is gradually built up, while the
broadening of the luminescence is completely determined by
the final carrier density. We observe very broad spectra at
high density @Fig. 7~b!# which are caused by the very high
scattering rates of free holes in the valence band. A com-
pletely different behavior is observed for band-to-acceptor
luminescence. Here, the broadening during recombination of
electrons with bound holes of negligible scattering rate is
quite small even at the highest density @Fig. 7~b8!, dotted
line#, resulting in a profile of the emission line close to the
semiclassical calculation. As a consequence, when taking
into account the broadening due to both generation and re-
combination processes ~solid lines in Fig. 7!, the BB transi-
tion exhibits a broadening with similar contributions from
generation and recombination, whereas the width of the BA
line originates predominantly from the generation process.
This result justifies the use of a semiclassical model to de-
scribe the BA recombination in the dynamic calculations dis-
cussed in the following.
C. Spectra of band-to-acceptor luminescence
The theoretical framework outlined above was used to
calculate the spectra of band-to-acceptor luminescence for a
variety of experimental parameters. In Fig. 8, we present
results for femtosecond excitation calculated from the semi-
classical approach @Figs. 8~a!–~e!# and from the SBE treat-
ment @Figs. 8~a8!–~e8!#. Several pronounced differences are
found between the two calculations. In the semiclassical
model, the unrelaxed ~first! peak marked bold in the figure is
clearly visible up to the highest density of 231016 cm23
FIG. 7. Calculated spectral profiles of luminescence due to
band-to-band- and band-to-acceptor recombination for carrier con-
centrations of ~a!, ~a8! 1014 cm23 and ~b!, ~b8! 231016 cm23. A
carrier distribution generated by a 150-fs pulse is considered. The
dash-dotted lines were calculated from a semiclassical model using
a golden rule approach for the generation and recombination rate.
For the dashed lines, the broadening of the generation process was
taken into account while the recombination rate was calculated
from the golden rule. The dotted lines were obtained with a golden
rule generation rate and using a broadened recombination rate. The
solid lines give the result when broadening of both generation and
recombination processes are included. For band-to-acceptor lumi-
nescence, the broadening of the recombination process is negligible.
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while the coherent ~SBE! model gives a strongly broadened
peak. The FWHM of this peak as a function of density is
plotted in Fig. 5~a! for the coherent ~solid line! and the semi-
classical ~dashed line! model, together with the experimental
results. The semiclassical spectra calculated for elevated den-
sities @Figs. 8~d!–~e!# exhibit an increase in the broadening
of subsequent peaks which is nearly absent in the SBE cal-
culations and in the experimental results. To demonstrate this
difference more quantitatively, the full width at half-
maximum of the three first peaks of the spectrum at a density
of 431015 cm23 is plotted in Fig. 5~b! for the coherent ~solid
line! and the semiclassical ~dashed line! model.
For the case of picosecond excitation a quantitative com-
parison with the experimental results has not been performed
for two reasons: First, an excitation with a 20-ps pulse re-
quires a simulation of the dynamics over at least 50 ps com-
pared to typically about 3 ps in the case of femtosecond
excitation resulting in an increase in CPU time by a factor of
more than 15 and, second, for the simulation of the SBE the
time dependence of the electric field of the laser pulse is
needed including detailed knowledge of the chirp which is
not available. However, in order to study the trends observed
in the experiments and to investigate the role of the polariza-
tion dynamics in the case of longer pulses, we have per-
formed simulations for an excitation with a 1.8-ps
~transform-limited! pulse.
In Fig. 9, the resulting luminescence spectra obtained
from the semiclassical and the coherent model at a density of
231016 cm23 are compared with the corresponding spectra
for excitation with a 150-fs pulse. For both models we find
the general behavior that the spectra are narrower in the case
of excitation with a longer pulse, as is also confirmed by the
experiment ~Fig. 2!. However, in this case the deviations
between the semiclassical and the coherent model are much
more pronounced. The reason is that in the semiclassical
model the width of the generation is determined by the spec-
tral width of the laser, which decreases with increasing pulse
duration, while in the coherent model the time which deter-
mines the width is given by the minimum of pulse duration
and dephasing time, the latter being the relevant quantity in
the present case. The semiclassical spectra exhibit a pro-
nounced increase in the broadening of subsequent peaks in
contrast to the coherent results where for both excitation con-
ditions a negligible increase is observed.
It should be noted that for picosecond excitation, in par-
ticular when using the semiclassical model, the effects of
warping and broadening of the acceptor level result in a con-
siderable additional broadening of the spectra. However, this
broadening is density independent in contrast to the broad-
ening due to dephasing processes. Figure 9 shows that at
densities above 1016 cm23 dephasing makes a substantial
contribution to the broadening of the peaks.
D. Band-to-band luminescence
Finally we want to address a phenomenon which cannot
be avoided in the experiments. Electrons do not only recom-
bine with bound holes at the acceptors but also with free
FIG. 8. Luminescence spectra calculated for femtosecond exci-
tation from the simulations of ~a!–~e! the semiclassical Boltzmann
equation ~BE! and ~a8!–~e8! the semiconductor Bloch equations
~SBE, same parameters as in the experiment!. At higher carrier
densities @~d! and ~e!#, the BE results show an increase of the spec-
tral width of successive luminescence lines. In contrast, the SBE
results give nearly identical widths of all lines for a fixed density.
The marked regions emphasize the different behavior of the unre-
laxed peak for the two models.
FIG. 9. Luminescence spectra calculated for an excitation ~a!,
~a8! with a 1.8-ps pulse and ~b!, ~b8! with a 150-fs pulse from the
simulations of ~a!, ~b! the semiclassical Boltzmann equation and
~a8!, ~b8! the semiconductor Bloch equations at a density of 231016
cm23. In the picosecond case the broadening of the peaks is much
weaker due to the increase in the screening wave vector resulting in
a reduced scattering and dephasing efficiency.
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holes in the valence band. This results in a background in the
spectra caused by band-to-band ~BB! recombination. In or-
der to estimate the magnitude of this background for our
experimental conditions, we have calculated also the BB lu-
minescence spectrum in the coherent model. The results are
shown in Fig. 10 on a logarithmic intensity scale. We find
that at the lowest density the BB intensity in the relevant
energy range is more than four orders of magnitude smaller
than the BA spectrum. With increasing density this back-
ground increases, however, even at the highest density it is
still one order of magnitude weaker. As a consequence, it has
negligible influence on the shape of the peaks observed in
BA luminescence.
V. DISCUSSION
In the following, we first discuss the carrier generation
and the recombination processes for femtosecond excitation
and their influence on the emission spectra. This part is fol-
lowed by a comparative analysis of the data taken with fem-
tosecond and with picosecond excitation.
In our experiments, the 150-fs excitation pulse creates
carriers on a time scale that is somewhat shorter than the
emission time of LO phonons of about 160 fs. At low carrier
densities ~1014 cm23!, the redistribution of electrons due to
Coulomb scattering is slower than LO phonon emission and,
consequently, the majority of electrons is part of the nonequi-
librium distribution that gives rise to the first ~unrelaxed!
peak in the BA spectrum. The peaks at lower photon energy
derive from this first maximum by emission of single LO
phonons ~phonon replicas!. They are emitted at later times.
Our results in Figs. 2–5 reveal the following important fea-
tures. ~i! With increasing excitation density, the spectral
width of the luminescence peaks increases strongly, leading
to more or less smooth emission spectra at high density. The
peak structure disappears at carrier concentrations around
231016 cm23 for femtosecond excitation, whereas the pico-
second data show structure up to about 1017 cm23 ~see, for
comparison, also Ref. 11!. ~ii! The luminescence spectra
taken with femtosecond excitation at densities below 1015
cm23 show a spectral width of the first emission peak of 17
to 20 meV, significantly higher than the bandwidth of the
150-fs laser pulses of 10 meV ~Fig. 4!. The inhomogeneous
broadening due to warping of the valence band which makes
a density-independent contribution of 8–10 meV cannot ac-
count for this excess linewidth.13 ~iii! The femtosecond data
taken in a wide range of carrier density from 1014 up to
231016 cm23 demonstrate that the spectral width of the dif-
ferent lines, i.e., the unrelaxed peak and the replicas, is iden-
tical within each spectrum.
From the viewpoint of a semiclassical description, this
behavior is interpreted in the following way.11,16–18 The laser
pulse generates an initial nonequilibrium distribution of elec-
trons with an energetic width that is determined by the spec-
tral width of the pulse and by band-structure details like
heavy-hole warping. The latter contribution has been well
characterized in cw measurements of BA luminescence and
makes a density-independent contribution to the overall line-
width. With increasing carrier density, the rates of inelastic
Coulomb scattering increase, leading to a spreading of the
electron distribution over a wider energy range and, thus, to
a broadening of the luminescence peaks. The spreading rates
of the distribution depend on the effective Coulomb interac-
tion among the carriers. Different numbers have been re-
ported, depending on the specific type of screening that was
used in the calculations.16 With respect to the BA lumines-
cence spectra, this picture predicts a broadening of the emis-
sion peaks that increases with time. Thus, starting from the
unrelaxed peak, the spectral width of the luminescence peaks
should increase continuously, i.e, phonon replicas at lower
energies should exhibit a width larger than those at higher
energies and, in particular, larger than the unrelaxed peak.
The spectra calculated with a conventional ~semiclassical!
EMC simulation @Figs. 5 and 8~a!–~c!# show exactly this
behavior. The width of the calculated luminescence peaks
plotted in Fig. 5~b! ~dashed line! show a pronounced increase
which remains true even if more refined models of scattering
rates, e.g., dynamical screening, or band structure, e.g.,
warping, are considered.
It is important to note that the semiclassical picture is in
strong contrast to our experimental findings. First, for carrier
densities N,1015 cm23, theoretical simulations of Coulomb
scattering give inelastic carrier–carrier scattering rates much
too low to account for the large width of the luminescence
peaks observed after femtosecond excitation.14,16 Second, the
experimental spectra show the same spectral width for all
luminescence lines. The latter discrepancy demonstrates that
the dominant contribution to the linewidth is present already
in the unrelaxed peak and originates from the carrier genera-
tion process whereas the subsequent redistribution of elec-
trons is of minor importance. The experimental results are
fully accounted for by the SBE calculations including the
coherent interband polarization and its dephasing. During ex-
citation, the coherent coupling of the laser pulse with the
FIG. 10. Calculated spectra of band-to-acceptor ~dashed lines!,
band-to-band ~dotted lines!, and total ~solid lines! luminescence oc-
curring after femtosecond excitation of ~a! 1014, ~b! 431015, and ~c!
231016 electrons per cm3. The luminescence intensity is plotted on
a logarithmic scale versus photon energy. For photon energies in the
range between 1.55 and 1.70 eV, the band-to-band intensities are
much lower than those of the band-to-acceptor luminescence.
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polarization of the sample gives rise to a nonequilibrium
electron distribution that covers a substantially wider energy
interval than the spectrum of the transform-limited laser
pulses. The spectral width of the carrier generation rate
which is shown in Fig. 6 for different times during the pulse
and different excitation densities, is determined by a momen-
tary spectral width which corresponds to the inverse of the
time elapsed after the onset of the pulse. For an idealized
system with dephasing times much longer than the pulse
duration, the negative contributions of the generation rate at
later times lead to a carrier distribution determined by the
pulse spectrum. During the pulse, however, phase-breaking
scattering events destroy the coherence, suppress this recom-
bination off-resonance, and result in a width of the distribu-
tion which is substantially larger than the energetic width of
the laser pulse.
The dephasing of the coherent interband polarization is
dominated by the dynamics of free holes which show scat-
tering rates considerably higher than the photoexcited elec-
trons. The carrier generation term and the band-to-band lu-
minescence are sensitive to scattering of free holes and show
a strong broadening compared to which the broadening of
BA luminescence, i.e., upon recombination with bound
holes, is negligible. Thus the width of the luminescence
peaks is essentially determined by the width of the genera-
tion rate, whereas the contribution of the subsequent intra-
band scattering of electrons, the only broadening mechanism
in the semiclassical model, is of minor importance.
There is a second point related to the details of carrier–
carrier scattering which is important for the dominance of
dephasing over redistribution. Even if the total carrier–
carrier scattering rate is approximately density independent,
the decrease in the screening wave vector with decreasing
density leads to an increasing number of small-angle scatter-
ing processes resulting in a less efficient carrier redistribution
and also, as recently pointed out,8 in a less efficient dephas-
ing. The same argument holds for elastic carrier–impurity
scattering. With rising density, the efficiency of carrier–
carrier scattering for dephasing starts at lower densities than
that for electron redistribution. This behavior is again due to
the fact that the decay of the interband polarization is
strongly influenced by hole–hole scattering which is much
faster than electron–electron scattering.
The spectra calculated from the SBE approach ~Fig. 8! are
in excellent agreement with the experimental results ~Fig. 3!.
In particular, the relatively large linewidth at low excitation
density, the increase of linewidth with density, and the iden-
tical width of the different peaks for a fixed density are fully
reproduced by the calculation. It is interesting to note that the
linewidths observed at densities around 1016 cm23 corre-
spond to a dephasing kinetics of the interband polarization
on a time scale well below 100 fs, a behavior that has been
observed in femtosecond four-wave-mixing experiments
with bulk GaAs.3,4
The luminescence spectra taken with high carrier densi-
ties of 431015 and 231016 cm23 show slightly more struc-
ture than the calculations of Figs. 8~d8! and 8~e8! performed
for the same densities. In the experiment, the Gaussian in-
tensity profile of the femtosecond laser beam results in a
small spatial variation of carrier density across the excited
spot on the sample. In addition, the experimental error of
absolute carrier densities has a relatively large value of about
630%. On the other hand, the calculation assumes a spa-
tially homogeneous excitation and gives a strong increase of
the luminescence line-width between 331015 and 231016
cm23 as displayed in Fig. 5~a!. Thus the overall spectra are
very sensitive to a spatial variation and the uncertainty of the
absolute carrier density, leading to the slight discrepancies
between theory and experiment.
A comment should be made on the extraction of lin-
ewidths from the luminescence spectra. In a recent publica-
tion on BA luminescence generated with femtosecond
excitation,15 a strong background due to BB luminescence12
was claimed to make a measurement of the linewidth at
higher densities impossible. Band-to-band luminescence
spectra measured with an undoped GaAs sample were used
for a background correction of BA spectra from a p-doped
sample. It was assumed that—at a density of about 231016
cm23—the intensity of the background under the first lumi-
nescence maximum ~unrelaxed peak! was about 1/4 of the
peak intensity. After subtraction, the author found a similar
linewidth of the BA luminescence peaks for densities of 1015
and 231016 cm23.
Unfortunately, the comparison of luminescence intensities
from different samples is very difficult because of the differ-
ent quantum yields of luminescence and, thus, the calibration
of BB versus BA intensities shows a large experimental er-
ror. The strong background claimed in Ref. 15 is not consis-
tent with the results presented here and in Ref. 19. The data
of Fig. 1, which give complete emission spectra for two car-
rier densities, show a strong decrease of thermalized lumi-
nescence between 1.52 and 1.56 eV which is due to the
strong exponential decrease of the electron and hole popula-
tions at larger k values. Extrapolation of this emission to
higher photon energies leads to intensities much smaller than
claimed in Ref. 15 and completely negligible compared to
the BA intensities of Fig. 1. Band-to-band emission from
nonthermalized carriers represents a second possible source
of background. This contribution can be estimated from the
calculated spectra in Fig. 10 where the relative intensities of
BA and BB emission are plotted on a logarithmic scale. Even
for the highest carrier density, the background under the first
and second peak is less than 10% of the BA intensity and can
be neglected. This behavior is related to the very efficient
thermalization of holes, leading to a very rapid spreading of
the initial distribution and a transfer of holes from states at
large k vector to states around the maximum of the valence
band at k50.28 Although the rise of the BB spectra towards
1.73 eV gives evidence of some nonthermal hole populations
in states directly coupling to the pump pulse at 1.73 eV, the
overall emission intensity is much smaller than in BA lumi-
nescence. We conclude that the background emission does
not affect the extraction of linewidths from the BA spectra.
We now compare the data taken with femtosecond and
with picosecond or cw excitation. At the same density, the
latter show narrower luminescence lines which is due ~i! to
the smaller bandwidth of excitation, and, more important, ~ii!
to lower scattering rates of the photogenerated carriers. For
femtosecond excitation, most electrons are concentrated in
the nonequilibrium distribution responsible for emission of
the first luminescence peak at early times. For picosecond
excitation, however, the photogeneration rate of carriers is
9884 53ALFRED LEITENSTORFER et al.
much lower than the intraband redistribution rates. Conse-
quently, the majority of electrons form a quasiequilibrium
distribution at the bottom of the conduction band and the few
electrons which populate the directly excited states at high
excess energy and give rise to the hot luminescence, interact
with this cold distribution. It has been shown that screening
of the Coulomb interaction in such a distribution is much
more effective than in the absence of cold carriers at the
bottom of the band.16,23,29 Thus the scattering rates during
and after picosecond ~cw! excitation are lower, resulting in a
slower dephasing kinetics, a smaller broadening of the gen-
eration rate, and narrower luminescence lines. For this rea-
son, the peak structure of BA luminescence persists up to
higher carrier densities. This behavior is fully confirmed by
the calculations.
VI. SUMMARY
In conclusion, we have presented an experimental and
theoretical study of band-to-acceptor luminescence under
different excitation conditions in order to get insight into the
coherent coupling of laser radiation and the interband polar-
ization of GaAs, affecting the electron distributions on the
femtosecond and picosecond time scale. Our results demon-
strate that dephasing processes during photogeneration lead
to a strong broadening of the initial carrier distribution that
shows an energetic width larger than the femtosecond exci-
tation pulses. The emission spectra, in particular the identical
width of the unrelaxed peak and the different phonon repli-
cas, demonstrate that—for femtosecond excitation—this
mechanism is much more important than the redistribution of
electrons by inelastic carrier–carrier scattering. An analysis
of the recombination process shows that broadening upon
band-to-acceptor recombination is negligible compared to
the broadening of the generation rate. These results demon-
strate the dominant role of coherent effects for luminescence
generated by femtosecond excitation.
For picosecond or continuous-wave excitation, narrower
emission lines are found that persist up to higher carrier den-
sities. This behavior is mainly due to the different carrier
distribution in which stronger screening of the Coulomb in-
teraction results in lower scattering rates among the carriers
and, thus, less efficient dephasing and redistribution. This
interpretation is supported by the excellent agreement of our
experimental data with the results from a Monte Carlo solu-
tion of the semiconductor Bloch equations.
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